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A B S T R A C T   

Transparent conductive oxide (TCO) thin films are cornerstones in many optoelectronic applications including 
displays, photovoltaics and touchscreens. In these devices, thin films with simultaneous high optical trans-
parency and electrical conductivity are needed. Ideally, heat generated during normal device operation must 
ideally be compensated for to achieve optimum functionality. One possible way to address the thermal man-
agement problem is adding thermoelectric (TE) properties to TCO films. However, improving TE properties while 
maintaining optimal electrical conductivity and optical transparency is challenging: thermal and electrical 
transport properties are deeply intertwined. Here, we demonstrate an approach allowing for independent opti-
mization of optical transparency, electrical conductivity and thermal conductivity. An embedded nanopattern 
structure is filled with indium tin oxide (ITO) and sandwiched between two ITO layers. The resulting triple- 
layered structure exhibits reduced thermal conductivity and excellent electrical conductivity. This is made 
possible by electron channels in the embedded ITO nanopattern that electrically connect top and bottom layers, 
while at the same time limiting phonon-mediated heat conduction. The filling fraction and thickness of the 
nanopattern are adjusted to improve optical transmission, achieving transparency higher than bare ITO film. The 
result is a transparent TCO triple layer film with simultaneous high TCO and thermoelectric figures of merit.   

1. Introduction 

Thermal fatigue is the main cause of failures and poor performances 
of electronic apparatus such as displays, smart windows, or photovoltaic 
devices [1–4]. Consequently, heat management is very important for 
these devices. Strategies for heat management can rely on, e.g., passive 
(dissipation of heat) or active (Peltier cooling) approaches [1,4–6]. 
Regarding the latter, transparent conducting oxides (TCOs) with good 
thermoelectric (TE) properties and optical transparency would be highly 
desirable for heat management. In addition, TE energy harvesting de-
vices have been highlighted for next generation renewable energy sys-
tems because they can be used to harness waste energy otherwise 
dissipated into the environment [7–12]. For these reasons, thin film TE 
materials have been studied for decades [13–16]. Research on thin film 
TE materials has hitherto mainly focused on telluride alloys due to their 
high performance. However, telluride alloys are toxic, expensive and 

exhibit low chemical stability [17–20]. In contrast, oxide thin film TE 
materials based on TCOs such as ITO have high chemical stability, are 
non-toxic, and involve relatively low manufacturing costs [21–25]. 

Indium tin oxide (ITO) has been intensively studied in the past, 
mainly as a TCO material [26], but also regarding its TE properties [27, 
28]. Despite the outstanding optical and electrical properties of ITO, it is 
difficult to obtain ITO-based films that exhibit adequate electronic, op-
tical and thermal properties simultaneously. This problem can be sum-
marised in the optimization of the thermoelectric figure of merit (ZT), 
defined as [29].  

ZT = σS2T/κtot,                                                                                (1) 

where σ, S, T, and κtot are the electrical conductivity, Seebeck coefficient, 
absolute temperature, and total thermal conductivity, respectively.  

κtot = κl + κe                                                                                   (2) 
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On the other hand, σ is given by:  

σ = eμn,                                                                                        (3) 

where μ, n and e are the carrier mobility, carrier concentration and 
electron charge. S is given by the Mott formula [30], 

S =
8π2kB

2

3eh2

( π
3n

)2
3
m∗T, (4)  

where kB, h, and m* are the Boltzmann constant, Planck constant, and 
carrier effective mass, respectively. As evident from Eqs. (3) and (4), ZT 
exhibits a trade-off relationship with respect to n, viz. σ ∝ n and S ∝ n–2/3, 
yielding ZT ∝ n–1/3, that is, ZT deteriorates (weakly) as n increases, i.e. if 
the electrical conductivity increases. 

Most studies on the applicability of TCOs as front electrodes in 
display and OLED devices focus on highly crystalline TCO thin films 
exhibiting optimal σ values due to a high n. Note that n cannot be too 
high. The plasma frequency must remain in the near-infrared region so 
that the optical transmittance in the visible is preserved [31–33]. 
Notwithstanding their excellent σ, this situation is not beneficial from a 
TE point of view. This is because, as discussed above, larger n values 
result in lower ZT. We have previously reported that an ITO thin film 
with an amorphous structure can exhibit fairly high σ without an 
accompanying increase of n and still have low κl because of high carrier 
mobility due to non-directional In 5 s bonding with oxygen [27,28]. 
However, amorphous thin films have relatively poor electrical conduc-
tivity compared to crystalline oxide TE materials, which is an inherent 
limitation of amorphous metal oxides [26,34,35]. 

Acknowledging the difficulties of achieving simultaneously good TE 
performance, good electrical conductivity and visible transparency, the 
challenge is to develop a transparent and conductive coating where the 
TE properties (represented by ZT) can be enhanced by decoupling the 
electronic and lattice contributions to the thermal conductivity. Here, 
we show that this can be achieved by employing a three-layered ITO/ 
nanopattern/ITO sandwich structure. The ITO layers were prepared by 
magnetron sputtering and the intermediate dot- or rod nanopatterned 
layer was fabricated using block copolymer (BCP) self-assembly. The 
nanopatterned layer, embedded between two ITO layers, effectively 
suppresses κl without significantly deteriorating the electrical properties 
of the complete film structure, resulting in an improved ZT. At the same 
time, the optical transmittance is also improved by judicious interfer-
ence matching using appropriate height and filling factor of the 
embedded nanopattern. 

The transparent electrode performance can be assessed using 
Haacke’s figure of merit (ϕTC) defined as [36]: 

ϕTC =
T10

Rsheet
, (5)  

where T is the average optical transmittance between 500 nm and 
600 nm and Rsheet is the sheet resistance. The three-layer ITO/nano-
pattern/ITO films reported here are shown to exhibit ϕTC value supe-
rior to previous reports, while at the same time achieving high ZT values. 
Specifically, in this study, we show how nanostructures sandwiched 
between two amorphous ITO thin films can be used to decouple the 
thermal and electrical properties. High overall electrical conductivity is 
achieved due to high mobility and electrical connectivity of the thin, 
amorphous capping ITO films [37]. At the same time, the optical 
transmittance in the visible region of the ITO/nanopattern/ITO coating 
is larger than that of the single ITO coating of equivalent thickness, 
which, as detailed below, is due to both the small ITO thicknesses and 
judicious choice of nanopatterning creating beneficial interference 
conditions. We suggest that our embedded-nanopattern approach could 
offer a new design principle for TE-based thermal management of op-
toelectronic devices employing transparent conducting films. 

2. Results and discussion 

2.1. Nanopattern embedding procedure 

The detailed procedure for the synthesis of rod-nanopattern and 
embedding process is schematically represented in Fig. 1. First, a 70 nm 
ITO thin film is deposited onto a clean glass substrate by magnetron 
sputtering (Fig. 1b). Then, poly(4-vinylpyridine), P4VP is spin-coated on 
ITO and exposed to UV to for hardening the polymer structure (Fig. 1c). 
Polystyrene-block-dimethylsiloxane (PS-b-PDMS) is subsequently spin- 
coated on the P4VP/ITO structure forming the block co-polymer, BCP 
(Fig. 1d, e). The PS-b-PDMS/P4VP/ITO is then exposed to toluene vapor 
to induce self-assembly of PS-b-PDMS (Fig. 1g) forming PDMS nano-
arrays. Thereafter, inductively coupled plasma reactive ion etching (ICP- 
RIE), using and CH4 and oxygen gases, is performed, which oxidizes the 
Si moieties in the self-assembled PDMS into SiOx, which serves as an 
etching mask (Fig. 1g), while PS is removed, forming the void space 
between the nanostructures (Fig. 1h). The protected P4VP layer below 
the SiOx etching mask form rods. In the case of the nanodot pattern, the 
P4VP process shown in Fig. 1c is step is omitted. The process is 
completed by the deposition of a third capping ITO thin film layer by 
magnetron sputtering that fills the void space between the rods or dots. 
As a result, triple layered “sandwich” films are obtained, either ITO/ 
nanodots/ITO, or ITO/nanorods/ITO (Fig. 1i). 

In the ITO/nanopattern/ITO configuration, the nanopattern (either 
rods or dots) acts as a thermal conduction barrier yielding reduced κl, 
and consequently low κtot. At the same time, the nanopattern does not 
deteriorate the electrical properties and allows the formation of ITO 
electron channels connecting the two ITO layers. We note that the bottom 
and top ITO layers are amorphous due to their small thicknesses (See 
Fig. S1 a and b). 

2.2. Electron channels and thermal conduction barrier 

Fig. 2 shows schematic representations, as well as FE-TEM images 
and TEM-EDS mapping images corresponding to ITO/dot/ITO (panels a 
to e) and ITO/rod/ITO (panels f to j) multilayers. The dot pattern has a 
20 nm-pitch and height of 10 nm and the capping ITO films are deter-
mined to be about 70 nm thick from FE-TEM (see Fig. 2b). Well-ordered 
dot patterns placed between the ITO layers are observed by cross- 
sectional FE-TEM in Fig. 2b and c, with clear gaps connecting the top 
and bottom ITO layers. As shown in the element-specific TEM-EDS 
mappings (Fig. 2 d and e), which show the same cross-sectional region of 
the sample shown in Fig. 2c, In and Sn atoms fill these gaps, i.e., suc-
cessful formation of electron channels is achieved. Analogously, in the 
case of ITO/rod/ITO multilayer structures, a well-ordered rod pattern 
between ITO layers is observed, Fig. 2g and h. In this case, the pitch and 
height are 20 nm and 35 nm, respectively, and the capping ITO films are 
again about 70 nm. Despite the deep gaps left by the rod pattern 
observed in Fig. 2h, In and Sn atoms fill the space between the rods, as 
shown by TEM-EDS mapping of the interface, Fig. 2i and j. 

Fig. 2 confirms that dot- and rod-nanostructured layers are success-
fully embedded between the ITO layers, but also that the top and bottom 
ITO layers are inter-connected through metal-filled channels surround-
ing the nanostructures. The nanostructures (dot and rod) formed be-
tween ITO layers have the same size and pitch when grown onto Si 
substrates (see Fig. S2, panels a to c). 

Photographs of a single, amorphous ITO coating with thickness 
about 100 nm, as well as multi-layered ITO(70 nm)/dot(10 nm)/ITO 
(70 nm) and ITO(70 nm)/rod(35 nm)/ITO(70 nm) structures are pre-
sented in Fig. 3a. Fig. 3b shows the transmittances corresponding to 
these coatings, whereas the inset shows the average transmittance in the 
wavelength interval between 500 and 600 nm. While the ITO/dot/ITO 
sample shows slightly higher transmittance compared to the single ITO 
sample, the ITO/rod/ITO structure displays an outstanding trans-
mittance value (~93.7%) at 550 nm, exceeding that of bare glass. This is 
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qualitatively confirmed by the photograph image in Fig. 3a, which 
displays a different visual appearance of the ITO/rod/ITO structure 
compared to the other structures. This high transmittance is caused by 
interference effects in the ITO/nanopattern/ITO structure, where the 
embedded nanopattern layer acts as an adjustable optical interference 
spacer layer, as confirmed by modelling of the optical properties (dashed 
curves in Fig. 3b). The ITO layer was modelled using three elements: a 
dielectric background ε∞ ≈ 4.0, a Drude oscillator (determined by free 
charge carrier concentration n and electrical resistivity ρ) [38], and an 
OJL oscillator [39] for modelling the fundamental band gap absorption. 
The use of an OJL oscillator is justified due to the amorphous structure of 

ITO [39]. In the OJL model, the band gap energy was set to 2.7 eV, i.e., 
at the onset of the fundamental absorption of ITO [40]. The good 
agreement of our model with the experimental data suggests that the 
fundamental absorption of the multilayer structure is not affected by the 
insertion of the nanopattern, and is completely dominated by ITO. This 
is not surprising, since the fundamental absorption of P4VP is expected 
at 4.7 eV [41], located outside the rage of study. The refractive index of 
the nanostructures (dots and rods, composed of SiOX and P4VP) 
converged to a constant value n = 1.52 in the wavelength region of in-
terest in the fitting process, in very good agreement with previous 
studies [42]. The resulting embedded nanopatterned layer is considered 

Fig. 1. Schematic procedure (steps (a) – (i)) to synthesize nanopattern embedded ITO structure to fabricate TE-TCO films. The pattern size and pitch are 20 nm. The 
height is 5 nm and 35 nm for dot and rod structure, respectively. To fabricate nanodot pattern, step (c) is excluded. 

Fig. 2. Schematic images (a; f), FE-TEM (b, c; g, h) and EDS mapping (d, e; i, j) images of nanopattern embedded ITO structures comprised of dots: (a)—(e), and rods: 
(f)—(j). Cross-sections of the nanopattern between ITO layer are shown with higher magnification. The electron channel formed between the upper and bottom ITO 
layers are clearly observed in the element specific EDS mappings. 

Fig. 3. (a) Photographs of single ITO, dot ITO and rod ITO 
multilayer films, exhibiting distinctly different colors. (b) 
Transmittance spectra of single layer ITO film (ITO/glass), 
and ITO multilayer films (ITO/dot/ITO/glass and ITO/rod/ 
ITO/glass). The rod ITO shows the highest transmittance, 
even higher than bare glass, due to optical interference in 
the embedded nanostructure. The dashed curves show re-
sults from effective medium calculations. Inset in (b) shows 
the average transmittance between 500 and 600 nm for the 
different films.   
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as a mix of ITO/dot or ITO/rod with an ITO volume fraction modelled by 
the filling factor, ff, using the Bruggeman approximation [43]. The glass 
substrate is approximated by a constant refractive index n = 1.52. The 
fitting of the model to the experimental results was performed using the 
downhill simplex method implemented in the commercial software 
SCOUT [44]. An excellent fitting to the experimental transmittance of 
the single ITO layer is achieved with Drude parameters corresponding to 
n = 4.20 × 1020 cm–3 and ρ = 2.56 × 10–4 Ωcm, and film thickness 
d = 91.0 nm (Fig. 3b). The Drude parameters for ITO are in reasonably 
agreement with the parameters obtained by Hall measurements 
(Fig. 4a). For the ITO/dot/ITO structure, the Drude parameters obtained 
from model fitting were determined to be n = 3.6 × 1020 cm–3 and 
ρ = 3.18 × 10–4 Ωcm. The top and bottom ITO layers were found to be 
42 and 46 nm, respectively. The embedded nanopattern layer was here 
modelled as a Bruggeman ITO/dot mix, where the thickness was 10 nm 
and the filling factor of the ITO component was 38%. Analogously for 
the ITO/rod/ITO arrangement, the best-fit parameters were found to be: 
n = 2.6 × 1020 cm–3 and ρ = 4.6 × 10–4 Ω cm, with top and bottom ITO 
thicknesses of 46 and 55 nm, respectively, and intermediate nano-
patterned thickness 39 nm, and ITO filling factor of 20%. The obtained 
filling factors agree well with the estimate filling fractions obtained from 
SEM images in Figs. S2d and e using the open-software Gwyddion [45]. 
From the projected SEM images the corresponding filling factor are 
predicted to be 37% for the nanodots and 24% for the nanorods, 
respectively. 

The electrical properties, ρ, n and μ corresponding to single ITO, 
ITO/rod/ITO and ITO/dot/ITO multilayers obtained by Hall measure-
ments are presented in Fig. 4a. The ITO/dot/ITO multilayer shows only 
marginally higher ρ compared to a single 100 nm thick amorphous ITO 
layer, while the ITO/rod/ITO multilayer shows about 4% higher re-
sistivity. In the absence of electron channels, i.e., if the nanopattern 
provided complete electrical insulation between the upper and lower 
ITO layers, then the ITO/rod/ITO multilayer stack, of thicknesses 
70 nm/35 nm/70 nm would be expected to exhibit a ρ value closer to 
the one measured in a about 50 nm-thick amorphous ITO film (Fig. S3). 
However, ρ measured in the ITO/rod/ITO samples is very similar to a 
100 nm-thick ITO layer, which again points to the formation of electron 
channels through the embedded nanopattern. We note that would be 
possible to improve the conductivity of the ITO/nanopattern/ITO 
multilayer even further by replacing the amorphous ITO films (or 
another type of TCO material) with corresponding crystalline films 
employing alternative routes for low temperature thin film TCO 
deposition. 

The Seebeck coefficient, S, was calculated using Eq. (4) from the 
experimental n values presented in Fig. 4a. S and n are shown in Fig. 4b 
for the different sets of samples. The multilayer film is well-described as 
a degenerate semiconductor and follows the expected dependence, S ∝ 
n–2/3, predicted by Eq. (4) (Fig. S4). In contrast, analysing the contri-
bution to the conductivity, the ITO/dot/ITO and ITO/rod/ITO 

multilayers show low κtot values compared to a single ITO, Fig. 4c. 
Considering that the embedded nanopattern barely affects the 

overall electrical properties of the ITO/dot/ITO and ITO/rod/ITO layer 
stacks (Fig. 4a), and that κtot can be separated in contributions from free 
conduction electrons κe and lattice vibrations κl (Eq. (2)), we conjecture 
that the reduction observed in κtot in the ITO/rod/ITO and ITO/dot/ITO 
multilayer films must be caused by a decrease of the κl component. This 
is corroborated by time-domain thermo-reflectance measurements. 
Fig. 4c shows the measured κtot, κl and κe for the different films. It is 
evident that κtot is reduced in the multilayer films, and most for the ITO/ 
rod/ITO multilayer film (Fig. 4c). 

An empirical relation between the total thermal conductivity, κtot, 
and the height of the nanopattern (length of electron channels), L, can be 
deduced from the data reported in Fig. 4c, viz. 

κtot(L) = κe +(1 − aL)κl,bulk. (6) 

Here κe, = 1.38 W m-1 K-1 is about the same for all types of ITO films, 
plain or nanopatterned sandwich films (Fig. 4c), and κl,bulk, 
= 0.656 W m-1 K-1 is the measured value for the flat ITO film (“Single 
ITO” in Fig. 4c). The fitting parameter a is determined to be a 
= 0.030 nm from a linear least-square fit (Fig. S5). Eq. (6) explicitly 
shows that κtot, decreases as a function of length, L, of the electron 
channel and reduces to Eq. (2) when L = 0. An interesting limiting case 
can be deduced from Eq. (6) when aL = 1. Then, κtot, = κe, and a critical 
length L = 1/a where the thermal conductivity equals the electronic 
contribution can be identified, where the nanostructure behaves as if 
lattice vibrations did not exist, i.e. like a perfect metal. In our case when 
L = 1/0.030 ≈ 33 nm, i.e. close to the nanorod length. We emphasize 
however that this is an empirical relation, which should be analyzed 
more thoroughly, but nevertheless can be used an approximate expres-
sion for designing embedded electron nanochannels in similar 
structures. 

2.3. Thermoelectric and TCO figure of merit 

The TE and TCO properties, ZT and ϕTC were evaluated using Eqs. (1) 
and (5), respectively [36]. Fig. 5 shows ϕTC and ZT at a temperature of 
300 K. Fig. 5c shows a comparison of ϕTC and ZT obtained in this work 
with previously reported data. 

Fig. 5a shows experimental values of ZT for a single ITO layer and for 
ITO/dot/ITO and ITO/rod/ITO multilayers, based on experimental 
values of κtot, n and μ. Additionally, Fig. 5a shows calculated ZT values as 
a function of n and μ assuming a κtot value corresponding to a single ITO 
layer of the same thickness (red circles). It is evident that the multilayer 
samples exhibit improved ZT when compared to the equivalent ITO 
single layer. This improvement is larger in the case of ITO/rod/ITO than 
for ITO/dot/ITO multilayers. The increase of the ZT values is due to the 
decreases value of κl, which decreases about 80% in the ITO/rod/ITO 
film respect to the single ITO film of same thickness (Fig. 4c), while the 

Fig. 4. (a) The resistivity (carrier density and mobility) slightly decreases (increases) as a function of increasing nanopattern height going from single ITO, dot ITO to 
rod ITO. (b) Seebeck coefficient increases inversely to carrier density. (c) Measured total thermal conductivity, electron conductivity, and lattice thermal conductivity 
as a function of nanopattern height. Electron thermal conductivity shows similar values, while the lattice thermal conductivity is dramatically suppressed for the rod 
ITO nanopattern. 
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mobility only increases about 7% (Fig. 4a). 
Fig. 5b shows a comparison of ZT and ϕTC for single ITO, ITO/dot/ 

ITO and ITO/rod/ITO. Since the interference effects provided by the 
embedded nanopattern result in higher visible transmittance in the 
multilayers than in the equivalent ITO monolayer (Fig. 3b), the ITO/ 
dot/ITO and ITO/rod/ITO multilayers present not only superior ZT, but 
also superior ϕTC. 

Fig. 5c compiles reported figure of merit, FoM, values (ZT and ϕTC) 
for transparent conductive materials published the past 5 years [22,27, 
28,46–56]. Red circles and blue triangles represent n-type and p-type 
materials, respectively. It is evident from Fig. 5c that traditional p-type 
transparent conductive materials that exhibit appreciable TE perfor-
mance show low ϕTC, as expected from Eqs. (1)–(3). In contrast, by 
reducing the lattice contribution to the thermal conductivity thanks to 
the embedded nanopattern, the ITO/rod/ITO multilayers achieve 
high-performing ZT and ϕTC values, even at room temperature, making 
them attractive for many optoelectronic devices. 

3. Conclusions 

Transparent and conductive ITO/dot/ITO and ITO/rod/ITO multi-
layers were obtained by embedding dot- or rod- nanostructured layers, 
prepared by block copolymer self-assembly methods, between two ITO 
sputtered films. The embedded nanostructures reduce the thermal con-
ductivity by reducing the lattice contribution to the overall thermal 
conductivity, while preserving good electrical properties thanks to the 
formation of narrow electron channels between the top and bottom ITO 
layers. In addition, the refractive index of the nanostructures (n = 1.52), 
filling factor of ITO in the nanopattern, and thickness of the rod- 
structure can be adjusted to achieve beneficial interference effects that 
increases the optical transmittance of the multilayer stack in the visible 
region. The combined properties can be optimized independently with 
large degree of freedom without imparting adversely on the overall 
thermoelectric and TCO figure of merits. In particular, we have here 
shown that ITO/rod/ITO multilayer films result in ZT and ϕTC values of 
0.033 and 17.5 mΩ–1, respectively, yielding superior combined TCO and 
thermoelectric properties compared to state-of-the-art. The embedded 
nanopatterning concept presented in this work demonstrates a TCO film 
structure that allows for independent optimization of optical trans-
parency, electron and thermal conductivity of TCO coatings, which can 
be used to significantly increase their thermoelectric properties reaching 
practically applicable values. The length of the rods, pitch and diameter, 
and also in-filling material (here ITO), can be optimized for transport 
and optical properties, while still selectively suppressing thermal con-
duction. A straightforward implementation of the present work would 
be to change one of the sandwiching ITO thin films to a p-type 

semiconducting to realize a working TE device. We envisage that the 
proposed concept can be used for heat management of transparent dis-
plays and solar energy systems. 

4. Methods 

4.1. Thin film fabrication 

Top and bottom ITO thin films were sputtered onto non-alkali glass 
substrate (E2000, Samsung Advanced Glass) using a ceramic ITO target 
(SnO2: 10 wt%). Parameters of interest regarding the sputtering depo-
sition process were: base pressure 1.0 × 10-6 Torr, deposition pressure 
7.5 × 10-3 Torr, distance between the substrate and target 50 mm, 
discharge power 110 W (2.7 W cm-2). 

4.2. Nanopattern formation process 

A PS-b-PDMS BCP (Polymer Source Inc., Canada) and P4VP homo-
polymer (Polymer Source Inc., Canada) were used to prepare the 
embedded nanopattern structures. P4VP (60 kg mol-1) and PS-b-PDMS 
(56 kg mol-1) were dissolved in dimethylformamide (P4VP 3 wt%) and 
toluene solvent (BCP 1 wt%), respectively. The preparation steps for 
preparing the nanopattern embedded ITO structure are schematically 
illustrated in Fig. 1 (panels a to i). The glass substrate was cleaned using 
acetone, ethanol, and finally isopropyl alcohol in an ultrasonic bath for 
15 min, respectively (Fig. 1a). The ITO thin films were then sputtered on 
the cleaned glass substrate to a thickness of 700 µm (Fig. 1b). P4VP was 
spin-coated on the ITO thin film, and then the sample was exposed to UV 
(254 nm) for 3 h to crosslink the polymer layer. Subsequently, the BCP 
was spin-coated on the P4VP layer, resulting in a multilayer BCP/P4VP/ 
ITO/glass (Fig. 1e). BCP/P4VP/ITO/glass was annealed by toluene sol-
vent vapour at a temperature of 65 ◦C. The BCP/P4VP/ITO/glass was 
then dry etched using ICP-RIE system with CF4 plasma (25 s) and O2 
plasma (45 s) employing 50 W plasma formation power and 10 W sub-
strate power, respectively. Dry etching causes the self-assembled Si ions 
in PDMS to be oxidized to SiOX which serve as an etching mask during 
the dry-etching process (Fig. 1g). Finally, ITO was sputtered on the BCP/ 
P4VP/ITO/glass structure, resulting in the following configuration: 
ITO/nanopattern/ITO/glass. For the ITO/dot/ITO sample, the P4VP 
process (Fig. 1c) is omitted. 

4.3. Thin film characterization 

Electrical characterization of the different samples was carried out in 
a Hall effect measurements system (HMS2000, ECOPIA). 

The optical transmittance of the different samples was measured in a 

Fig. 5. (a) ZT determined from the measured total thermal conductivity ( ), and the predicted ZT values using the lattice thermal conductivity for single ITO for all 
samples, i.e. in absence of nanopatterning ( ; dashed line shows the least-square linear fit). The deviation from linear fit is due to the suppressed lattice thermal 
conductivity in the nanopattern sandwich-structures. (b) Thermoelectric (ZT) and transparent electrode (FoM, T10/Rsheet) figure of merit for the bare ITO and 
nanopatterned TE films. The samples have similar electrical properties, but show significant increase of ZT and FoM for the nanopatterned TE films. (c) Transparent 
conducting oxide FoM values plotted as a function of ZT values using recently reported data on TE performance for transparent electrode materials (references 
indicated in brackets adjacent to data points). The polymer embedded ITO shows excellent properties for both ZT and FoM. Red circles ( ) denote n-type semi-
conductors, and blue triangles ( ) show p-type. 
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Perkin-Elmer Lambda 900 spectrophotometer equipped with an inte-
grating sphere. 

Cross sectional images and elemental composition mapping of the 
different samples were obtained by field-emission transmission electron 
microscopy (FE-TEM) in a JEOL JEM-2100 F microscope operated at 
200 kV. Additionally, micrographs of the nanopatterns were obtained by 
field-emission scanning electron microscopy (FE-SEM) in a ZEISS 
LEO1550. 

Thermal conductivity values were determined using time-domain 
thermo-reflectance (TDTR) method. A femto-second pulsed beam 
working at 80 MHz was used as pump and probe beam in the TDTR 
measurement. The beam was split into two oppositely polarized beams 
by a polarized beam splitter. One of the split beams was modulated at 
9.8 MHz and used as a pump beam, and the other beam, at the original 
frequency, was used as a probe beam. Aluminium with thickness of 
85 nm was coated on the sample and a Ti:sapphire laser was used for 
TDTR measurements [57]. The contribution by the free electrons κe was 
calculated using the carrier density value, n, from Hall measurements 
and applying the Wiedemann-Franz law: κe = L0T/ρ, where L0 is the 
Lorenz number. Finally, κl values were obtained from κl = κtot − κe. 
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crystalline ZnO thin films as TCO window layer: Effect of sol aging and boron, RSC 
Adv. 4 (2014) 56645–56653, https://doi.org/10.1039/c4ra11324a. 

[34] M.H. Ahn, E.S. Cho, S.J. Kwon, Effect of the duty ratio on the indium tin oxide 
(ITO) film deposited by in-line pulsed DC magnetron sputtering method for 
resistive touch panel, Appl. Surf. Sci. 258 (2011) 1242–1248, https://doi.org/ 
10.1016/j.apsusc.2011.09.081. 

[35] H. Khachatryan, D.J. Kim, M. Kim, H.K. Kim, Roll-to-Roll fabrication of ITO thin 
film for flexible optoelectronics applications: The role of post-annealing, Mater. 
Sci. Semicond. Process. 88 (2018) 51–56, https://doi.org/10.1016/j. 
mssp.2018.07.033. 

[36] G. Haacke, New figure of merit for transparent conductors, J. Appl. Phys. 47 (1976) 
4086–4089, https://doi.org/10.1063/1.323240. 

[37] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, H. Hosono, Room- 
temperature fabrication of transparent flexible thin-film transistors using 
amorphous oxide semiconductors, Nature 432 (2004) 488–492, https://doi.org/ 
10.1038/nature03090. 

[38] R.J. Mendelsberg, G. Garcia, D.J. Milliron, Extracting reliable electronic properties 
from transmission spectra of indium tin oxide thin films and nanocrystal films by 
careful application of the Drude theory, J. Appl. Phys. 111 (2012), https://doi.org/ 
10.1063/1.3695996. 

[39] S.K. O’Leary, S.R. Johnson, P.K. Lim, The relationship between the distribution of 
electronic states and the optical absorption spectrum of an amorphous 
semiconductor: An empirical analysis, J. Appl. Phys. 82 (1997) 3334–3340, 
https://doi.org/10.1063/1.365643. 

[40] A. Walsh, J.L.F. da Silva, S.H. Wei, C. Körber, A. Klein, L.F.J. Piper, A. Demasi, K. 
E. Smith, G. Panaccione, P. Torelli, D.J. Payne, A. Bourlange, R.G. Egdell, Nature of 
the band gap of In2O3 revealed by first-principles calculations and X-ray 
spectroscopy, Phys. Rev. Lett. 100 (2008), https://doi.org/10.1103/ 
PhysRevLett.100.167402. 

[41] Z. Shadrokh, S. Sousani, S. Gholipour, Y. Abdi, Enhanced stability and performance 
of poly(4-vinylpyridine) modified perovskite solar cell with quaternary 
semiconductor Cu2MSnS4 (M= Co2+, Ni2+, Zn2+) as hole transport materials, 
Sol. Energy Mater. Sol. Cells 211 (2020), https://doi.org/10.1016/j. 
solmat.2020.110538. 

[42] A. Kostruba, Y. Stetsyshyn, S. Mayevska, M. Yakovlev, P. Vankevych, Y. Nastishin, 
V. Kravets, Composition, thickness and properties of grafted copolymer brush 
coatings determined by ellipsometry: Calculation and prediction, Soft Matter 14 
(2018) 1016–1025, https://doi.org/10.1039/c7sm02285a. 

[43] G.A. Niklasson, C.G. Granqvist, Effective medium models for the optical properties 
of inhomogeneous materials, 1981. 

[44] SCOUT technical manual, 2019. 
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